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AIRPIJLKE LURIN13DIVES FROMHICHAL-TITCDES 

By Thorval Tendeland and Bernard A. Schleff 

Flight tests were undertaken to investigate the temperature 
gradients in the wing structure of a typical high-speed fighter 
airplane caused by rapid changes in surface temperatures. The teats 
consisted of measuring the temperatures of the structure throughout 
the wing during dives of the airplane from 35,CKlO tc 5,000 feet, at 
rates of vertical descent up to 225 feet per second. Thedataare 
presented in the form of tables of the measured temperatures and 
plots of the temperature change of typical parts of the wing slzruc- 
ture during the dives. 

The tests showed that temperature gradients which sre produced 
in an aircraft structure aa a result of sudden changes in surface 
temperature are essentially a transient condition and, therefore, 
are determined mainly by the relative size of adjacent structural 
members, the thermal bond between these mexKbers,end the rate of 
change of surface temperature. Predictedandmeasuredtemperature 
differences between a SW cap and the adjacent skin in dives showed 
good agreement, and it is believed that the method used for 
predicting temperature gradients may be applied to other airplanea 
and dive conditions, Computationstiere made to show the effects 
of increases in (1) the rate of descent, and (2) structural mass 
distribution (thermal capacity) on the temperature distribution fez 
dives at higher speeds. It was shown that a structural design 
employing a thin wing akin attached to a heavy spar cap is conducive 
to severe temperature gradients. 

Exploratory calculations were made of the stresses resulting 
from temperature gradients. In spite of the fact the prediction of 
the-1 stresses corresponding to observed temperature gradients is 
difficult and probably inaccurate at the present tiroe because of the 
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lack of information on thermal stresses for typical aircraft 
construct3on, the calculations indicate that: (1)Forairplanes 
similar to the test a-lane, operated at approxinatsly the test 
conditions, thermal stresses will be of minor importance; (2) the 
increased structural sizee required for higher performan ce air- 
planes will alleviate the thermal stress problem; and (3) the 
importance of the thermal stress problem depends upon the specific 
case. 

IlXIBODUCTION 

With the advent of aircraft capa.ble of flight in the transonic 
and supersonic speed ranges, several new problems are added to the 
field of structural design. Cne of these problems, which is the 
subject of this investigation, is the determination of the magnitude 
of thermal stresses which occur as a result of temperature gradients 
in the airplane structure. These temperature variations in the 
structure are the result of subjecting the outer surface of the 
airplane to rapidly changing temperature conditions which accompany 
dives from high altitudes, or by changes in the amount of friction 
heating produce&by large changes in speed. 

Both an increase in airplane speed and an increase in smbien& 
air temperature tend to raise the temperature of the boundary-layer 
air. The outer surfaces of the fuselage and the wing can be expected 
to react quickly to this change in temperature, since both the 
fuselage and the wing represent bodies of lImIted heat capacities 
with large surface sreas in intimati contact with the boundary- 
layer air. In the case of the ribs and ~p%rs, however, it is 
obvious that the reaction to a change in boundary-layer temperature 
would be more sluggish, with the result that transient temperature 
gradients in the structure would exist for a.short period of time. 
Since these temperature gradients sre of a transientnature, the 
magnitude of the temperature differences will be determined by both 
the rate of change of the boundary-layer temperature and the over-all 
change in temprature of the boundary-layer air. Of.the two condi- 
tions, the rate of change of the boundary-layer temperature can be 
expected to have as great, if not greater, influence on the 
magnitude of the temperature gradients. 

Although it is readily evident why and how these temperature 
gradients can occur, the poblem is to determine the conditions 
under which these gradients will reach sufficient magnitude to 
produce thermal stresses requlrdng consideration in the stzuctural 
CbSign. The purpose of this investigation was to measure the 
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magnitude of the thermal gradients in the wing of a typical high- 
speed fighter airplane during dives and to provide a basis for the 
prediction of the gradients to be anticipated in aircraft of higher 
performance . 

Mthods for calculating the temperature rise of a surface in 
high-speed flight are presented in references 1 and 2. These 
procedures are not directly applicable to present day aircraft 
structures unless some reasonable assumption can be made for the 
flow of heat into the interior of the structure. 

Correlation between observed or estimated temperature gradients 
and the resultant thermal stresses is very difficult because of the 
limited test data available on the subject and because of the fact 
that the intricacies of an aircraft structure are not readily 
amenable to the analytic approach. Flight measurements of thermal 
stresses in a wing caused by operation of a the-1 ice-prevention 
system are presented in reference 3. The results of reference 3 
have been used in this report to predict the pattern of the thermal 
stresses which wouldbe induced in the wing during a dive. 

The flight tests were conducted at the Ames Aeronautical 
Laboratory, Moffett Field, Calif. 

DESCHlJ?TIOI? OF EQUIPMENT 

The airplane used to conduct the tests is shown in figure 1. 
A sketch of the wing construction is shown in figure 2. The wing 
IS Of a~-EI9iXl stresse&Bkin CCnStrUCtiaWith the DE&I SPa;rs 

. located at 20 percent and 52 percent of the wing chord. An 
auxiliary spar is located at 75 percent of the wing chord. The 
skin is heavily reinforced between the two main spars with extruded 
T and H sections on the upper surface and with angle sections on 
the lower surface. Aft of the 52-percentihord main spar, and on 
the nose section, the skin is stiffened in a chardwise direction 
with corrugated sheets. 

To investigate the temperature lag of the structure adjacent 
to large m&sees of cold fuel, an integral fuel tank was built into 
the right wing of the airplane. The fuel tank was bounded by the 
20-percent and the 52-percent spars, the upper and lower surfaces 
of the wing, and by specially installed solid ribs at stations 141 
and 164. 
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DISCUSSION 

Temperature Gradients 

The temperatures of representative components of the wing 
structure during the dives exe shown infigures 5 to 9. Figure 10 
presents the chmdwise distribution of the surface fzemperature at 
the termination of the three dives. The data for these figures 
were taken from table I. Curves of stagnation temperature (free-. 
air temperature plus full kinetic temperature rise) have been added 
to figures 5 to 9 far comparative purposes. 

The curves of figures 5 to p indicate that, in general, the 
time at which the maximum temperature difference occurred was 
during the pull-outfrcnnthe dives Or shortly thereaftir. As a 
result-of this condition,it is evident that the induced thermal 
stresses would be a maximum when the sizesees from aerodyne&c 
loadswouldbe large. As might be expected, since temperature 
gradients in the structure are a result of thermal lag, the curves 
show the temperature differences. to be a function of two factors: 
namely (1) the rate of descent of the airplane, which is the primary 
factor controlling the rapidity of the temperature changes imposed 
on the airplane surfaces; and (2).the distribution of mass in the 
structure, which results in differences in thermal capacity-of 
adjacent parts. ' 

The influence of the rate of descent on the structural temperac 
ture differences is indicated by the observed maximum teqxx-ature 
differences between the lower flange of an H section and the skin, 
as shown in figure 6. !&IS figure shows that fW average I%I%S Of 
vertical descent of 73, 150, and 225 feet per second, during which 
an over-all ambient temperature change of approximately125°Fwas 
imposed on the airplane in 6.8, 3.3, and 2.2 minutes, respectively, 
the resulting RXX&ZB 
370F,respectively. 

temperature differences were 20°, 25', and 
IWama cansiderationof the extremes, itie 

evident that tripling the rate of vertical descent almost doubled 
the temperature difference. As shown in figure 45 the kinetic 
heating, as represented by the difference between the auibien+-air 
temperature andstagnationtemperature,was of minor importance in 
ccqarison tith the change in the ambieni&air temperature. The maximum 
kinetic temperature rises were of the order of 350 to 400 F, as 
compared to the l25O F temperature change resulting from change of 
altitude. 

The effect of ma88 disin-ibution (VadatiOn of thermal capacity) 
on the temperature gradients can be observed by a study of figures 
5 to 10, which present the following combinations: 
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Layers of paint on the surface of a high-speed airplane or 
missile have been shown to have an appreciable effect on the rats 
at which the temperature of the surface under the paint approaches 
the temperature of the boundary-layer air, To investigate this 
effect, a layer of paint approximately 0.046 inch thick was applied 

' to the leftiing surface at station 112. This heavy coat of paint 
simulates a filler which might be used on future high-speed aircraft 
to obtain surface smoothness. 

The locatiane of the thermocouples throughout the wing structure 
are shown in figure 3. Selection of the thermooouple locations was 
based on anticipted temperature differences occurring as a result 
of lag in heat flow across the main structural members and as a 
result Of differences iA m&8888 Of adjacent CCmpOABAtS Of the 
structure. The thermocouples used to measure Skin temperatures 
were sikiptype irOn-cOn&antan thermocouples rolled to a thiCh9SS 
of appoximately 0.002 inch. These thermocouples were cemented to 
the skin and then sprayed with's thin layer of paint to obtain a 
smooth surface. In the case of the thick layer of paint on the 
left wing at station 112, a thermocouple was installed on each side 
of the paint layer (fig. 3(e) ). For the internal structure of the 
wing, strip and rivet-type thermocouples were used. The rivet 
thermocouples were lrribedded in structural rivets. 

All temperature readings of the structure were recorded with 
two self-balancing potentianasters. Standard RACA instruments were 
used to measure airspeed, free-air temperature, and altitude. 

PRECISION CF MEMXMDEm 

An exact determination of the overall accuracy of the tempera- 
ture lneasW?eIWntB was not pOBBible, due to the effect of lag in the 
thermocouple response when measuring rapidly changing temperatures. 
However, tile effect 18 believed to be small. Of the most interest 
are the temperature differences between two or more components of 
the structure as recorded at a given time. The effects of lag in 
determining the temperature differences would be of minor importance, 
since each temperature measurement would lag approximately the same 
amount. Validity of indication of the two types of thermocouples 
was checked by installing both types of thermocouples at approxi- 
mately the s&1118 location on the skin. Both types Of thermOC0Upl.m 
indicated temperatures within lo F of each other throughout the 
dive tests. The accuracy of the indication of the potentiometers 
was checked during the dive tests by recording a hewn reference 
temperature. This error.was found not to exceed so F. 
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Ambientiir temperatures were evaluated from data taken at 
intervals of level flight during the ascent of-the airplane. This 
was necessary because of an appreciable lag in the installation to 
meamre free-air temperature during the dives. The cocrrections to 
the free-air-temperature measurements for kinetic heating were 
evaluatedfroma flight calibration of the freeair-temperature 
installation. The values presented for ambient-air temperature are 
estimated to be accurate to tie F. 

The airspeedmeasuremsntswere correotedfromaflight 
calibration of the airsped installation. The airspeed data are 
considered accurate to &l-l/2 percent, 

For each dive test, the airplane was climbed to 35,000 feet 
pressure altitude, with readings of ambientcair temperature being 
recorded by the pilot at intervals of 5,000 feet. At 35,000 feet 
the airplane was cruised at an indicated airspeed of about 150 miles 
per hour for 15 minutes to allow the structure to achieve an equi- 
librium temperature. The pilot then started the recording instru- 
ments and dived the airplane to a pressure altitude of 5,000 feet. 
During each dive, an attempt was made to hold the rate of vertical 
descent approximately constant-throughout-the dive. 

Time histories of tie airspeed, altitude,and free-air 
temperature during four representative dives are shown in figure 4. 
The free-air-temperature data presentedare correctedfar kinetic 
heating. 

The temperatures of the structure as measured during the four 
dives of figure 4 are presented in table I. A different value of 
time must be presented for each temperature because the recording 
instrument selected the thermooouples in rotation. The letters 
preceding the thermocouple numbers in table I correspond to the type 
of thermocouple aa designated in figure 3. The discontinuities in 
the numbering system in table I are the result of omitting thermo- 
couples which failed during the tests and of &Ming thermocouples, 
the looations of which were not co&nsidered ofsufficient importance 
to include in the report. The data as pesented in table I during 
flight 4 include only temperatures as IIleasured for the fuel and the 
structure surrounding the fuel. These data were included because 
this was the only flight for whioh temperatures were obtained for 
the fuel at the center of the fuel tank. 
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1. Skin and stiffener (fig. 5) 
2. Skin and former (fig. 6) 

Across a rib (fig. 7) 
2: Spm cap and spar web (fig, 8) 

Fuel and structure of fuel tanks (fig. 9) 
2: Skin and spar cap (fig. 10) 

On the test airplane, the maximnrt+temperature differences 
occurred betieen the skin and the spar caps (fig. 10). The dips in 
the curves at the spar locations indicate clearly the thermal lag 
associated with surface areas connected to large masses. The curve6 
for thermocouples Sl and K2 in figure 8 show that the rates of 
temperature rise of the inner and outer surfaces of the syar cap at 
the 2CLpercent chord are almost identical, indicating good heat 
transfer from the surfaces. Because of the mass of the spar caps, 
however, the temperature lags behind that of the adjacent skin 
by some 30' to 40°, as shown infigure 10. 

The 1~8s distribution causing the second largest temperature 
differences in the wing was that associatedwith the large masses 
of fuel in the wing. As nray be noted from figure 9, the tempera- 
ture of the fuel during the dive increased only slightly, while 
the temperature of the skin rose rapidly and the temperature of the 
stringer inunersed in the fuel assumed an intermediate position. 
Some indication of the effect of the presence of the cold fuel on 
the temperature difference between the skin and the stringer can be 
obtained by a comparison of the data in figure 9 with those for a 
similar structural configuration and dive without the presence of 
fuel (fig. 5(b) ) . The temperature difference between the skin and 
the stringer at the end of the dive is seen to be about 100 F without 
fuel and 20° F with fuel. The fuelwouldhave hadevengreater 
influence on the temperature difference between the skin and the 
stringer h&d time been allowed before the dive for the fuel temper- 
ture, which was about 20° F at the start of the dive, to approach 
more closely the &bient+air temperature of -60° F. 

A factcr which would have a modifying influence on the 
temperature differences as weviouslg discussed, is the insulating 
properties of a relatively thick layer of paint. The magnitude of 
this faotcr is indicated in figure 11 by the difference between the 
skin temperature and surface temperature when the surface is coated 
with such a layer of paint. The temperature difference was found 
to be approximately 20° F at the termination of the dive at the 
highest rate o,f vertical descent. It is of interest to note that 
the insulating action of the pint was sufficient to produce a 
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greater temperature drop through the -paint than existed between 
the skin and the adjacent stringer. This fact would suggest that, 
for the transient condition, both thermaL stre8686,and undesirable 
high surface temperatures can be alleviated by the use of paint. 

In an attempt to arrive at some means of generalizing the 
foregoing results, a comparison has been mad8 of the experimental 
temperature differences between the spar cap and the adjacent skin 
and the computed differences based upon simplifying assumptions. 
The skin and spar4a-p region B818Cted for th8 oompsrison was the 
upper surface of the right wing at 20 percent of the w$ng chard, 
station 76 (fig, 3(a) ). A Sketch of the skin and spar cap is ahown 
in figure 12. The CalCLI.latiOn procedure employed was to set up 
equations whioh represented the heat flow for the spar cap and the 
adjacent--skin for any time increment, and then to solve the equa, 
tions by a ste@~y-step solution from the start to the end of the 
dive. The equations and the assumptions involved in their solution 
are discussed in the appendix of this report. 

The calculated skin and spar-cap temperatures for flights 1, 2, 
and 3 me compared with the observed values in figure 13. At the 
termiIX3tiOn of the dives, the calculated tem>ratures are som8what 
higher than the measured temperatures, but of most inter8at is the 
temperature difference b8tW8en the skin and the spar cap, The 
calculated temperature differences between the Skin and the spar 
cap at the end of the dIvea At, in figure 13, are in good agree- 
ment with the measured temperature differences, and the method 
prOVide6 a IMaIlS for predicting th8 temperature differ8ZlC86 t0 be 
antioipated for 8rrwem8nts and dives beyond the scope of the . 
p3?888Ilt tests. 

To obtain an indI&xtion of the effeots of increases in the rate 
of 'descent 8.nd also changes in the mass of the structure on the 
temperature gradients, calculations have been made for t.b3?8e differ- 
ent size skin and spar-cap collibinations for a rate of vertical 
descent-range from 200 to 1100 feet--per second, One of the three 
designs selected corresponded to the test airplane spar-cap and 
skin combination previously analyzed (figs, 12 and 13) and the 
re=inhIg t~0 deSig116 were Similar but hrger to COrreBpOnd to the 
probable sizes required for strength at higher diving Speeds. For 
rates of vertical descent in which the speed of the airplane would 
be in the transonic and supersonic regions, the airfoil section UaB 
aS6umed to be diamond shaped with a wedge angle at the leading edge 
of 8O. The lOCatiOn Of the SpaS Cap With r8BpGt to th8 leading edge 
was aS6uzPed to be the saw as that on the wing of the test airplans. 
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The calculated.temperatur8 differences for the three skin and 
spar-cap arrangem8nts are presentid in f'igxre 14 for dive6 from 
35,000 feet to 5,000 feet. An eFmimtion of flgm8 14 indicates 
that,at high rates of vertical descent, .a skin and spar-cap 
combination such as that on the test airplane (curve A) would 
experience an appreciable temperature difference. However, if both 
the skin and the spar cap are incraased in ?&ass, a reduction in 
temperature differance results. Tnis effect is indicate?. by curves 
B andC. The reduction in temperature difference is due to the 
inCr8aS8d heat capacity of the thicker Skin and also to the increased 
cross--sectional area of th8 skin available for heat flow. ThUB, tt 
is seen that the increased struc~~&l mass required for strength at 
the higher diving speeds tenrls to compensate for the increased rat8 
of boundary-layer temperature rise resulting from a8rodynamlc heating 
and change of altitude. Whether or not this compensation will be 
adequate to eliminate entirely the problem of thermal streBses 
depends upon the particular airplane and the conditions of the dive. 
The method of CalCLi&tiOn presented in tM8 report provid86 a Stiple 
means for computing, at least for the single case of a skin and spar- 
cap combination, the approximate magnitude of the temperature differ- 
ences to be expected. 

of considerable interest with r8gEtrd to the curv88,shown in 
figure 14, would be comparisons between the predicted values and 
actual test data for the various skin and s-par--cap combinations. 
One possibility for obtaining such test data and also 8.~ a 
suggestion for future research would be to heat the Surfaces of a 
typical SiXuCtural Srrangement by means of heating pads or lamps. 
The amount of heat applied to the surface could be varied to obtain 
rat&B Of CkLange13 Of the surface t8mperatu3?8 Similar t0 those 
8nCOUIt8r8d in flight. Temperature gradients throughout the 
structure could then be readily m8aBIIr8d. ThiB test prOCedIE8 has 
an advantage over the analytical approach because it eliminates the 
uncertainty aSBOCiat8d with the assumption of a perfect thermal bond 
between the compollsnts of the structure. 

Thermal Stresses 

The evaluation of the actual thermal stresses induced in a wing 
structure as a result of temperature gradients is a difficult problem. 
This is partially due to the fact that a wing structure is not a 
rigid body and, consequently, same movement between th8 BtirUCThU?al 
compon8nts may occur and thus relieve some of the thermal str8sS8s. 
However, an indication of the thermal stresses induced in the wing 
of the test airplane was obtained by comparing th8 temperature 
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gradients found in this inv8stigation with +the temperature gradients 
and resultant thermal stresses observed in reference 3. In this 
investigation, heated air was supplied to the 18adingedge of the 
wing of a large twin-sngine transport airplane and the temperatures 
and stresses Of the wing were measured at various positions on the 
chord at ~ZWO Wing Bta’tdOnB. As a result of the relatively warm 
leading edge tending to expand, COmpreSSiOn Sh33SSeS were induced 
in this portion of the wing, While tension r8straining forces were 
generated innnsdiately aft of the leadingedge heated region. 

AS may be noted in figure 10, the skinp8nele at-the leading 
edge and between the two main 6par6 were relatively ~82x1 as cOmpared 
to the two main spars. Therefore, on th8 basis of the StreSS pattern 
found in reference 3; it seems reasonable to conclude that, consider- 
in@: Ody the theX’IllEl S-kt?88888, the skin panels would be in spanwise 
compr88sion, while the spars would be In 8panwi68 tension. A first 
approximation of the compression B~IWBB in the skin can be made by 
assuming the skin ar8a Ss to be completely restrained-from expansion 
by the spar cap and the rest-of the wing structure. (See sketch of 
th8 skin and sp8r4ap jIUICtiOn in fig. 12.) If it 16 assumed there 
is no buckling action, the compr8ssion stress in the Skin for 
complet8 restraint fsr can be readily calculated for any observed 
temperature difference between the skin and the spar cap. In th8 
actual case, the value of fsr would b8 reduced by the fact that 
the spar cap would elongate somewhat. For the p-u~pose of this 
report, the assumption Was mad8 that the actual StrSSS in the skin 
fs and the spar cap f. would be relat8d to the completely restrained 
skin stress fs, &B fOllOW6: 

f 6 
SC-YE c-f 

Yc 832 

f, = afar 
Yc 

where ys and yc are the thickness of the skin and spar cap, 
reBpeCtively, as BhoWII in figur8 12. 

. 
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BaB8d on the foregoing aBS~ptiORS, the calculated B~8BB86 in 
the spar cap and the adjacent skin, at wing station 76 of the test 
airplane, are presented in figure 15. The computed 6~88888, as 
shown by the data points in figure 15, were calculated fram the 
temperature difference between the Skin and the spr oap as found 
at the termination of the dive in flight 1. The tension streseea 
are the stiessea in the spar cap and the compression stzesses are 
the stresses in the skin. The ba616 for fairing the stress curve 
in figure 15 was the pattern of the thermal str8ssee which was found 
to occur in the heated wing in reference 3. The chordWise tempera, 
ture distribution curve upon which the computations are based and 
which 16 Shown in figure 15 is the same as the curve ahoWn in 
figure 10 for flight 1, with the exception of the a payLcaP~mpe=- 
tllres. The spar-cap temperatures, which 8r8 indicated by the dips 
in the curve, are the average temperatures between the upper and 
1oWer surfaces of the SW Caps. 

AS shown in figure 15, the maximum COmpr8SSiOn str8ss in the 
skin is seen to be of the order of 6,000 pounds per square inch, 
and occurs at the rear spar cap. For the test airplane, a 
compression stress in the skin of this magnitude is not considered 
critical. In future aircra9t, the induced thermal stresses may 
merit careful consideration, depending upon the flight conditions 
and the design ofthewing structure. 

c0ImUs10m 

Baaed upon a consideration of observed temperature gradients 
which occurred in the wing of a highpeed fighter airpl8.ne during 
dives from 35,000 feet to 5,000 feet, it is concluded: 

1. Temperature gradients which are produced in an aircraft 
structure as a result of sudden changes in the surfaoe temperatures 
are essentially a transient condition, and a% such are determFned 
mainly by th8 relative size (thermal capacity) of adjacent structural 
EI8mberB and the rat8 of change of surface temperature. The thermal 
bond between adjacent structural members would be an influencing 
factor. 

2. For airplanes similar to the test airplane and subjected 
to dives of the aam8 order of rate of vertical descent, the tempera- 
tUr8 gmdi8ntB and thermal SfJ?8SSeS Will be appreciable but Of 
secondary impor-tance as compared to stresses due to aerodynamic 
loads. 
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3. For structural arrang8m8nts and flightconditions beyond 
the scope of these tests, the seriousness of the thermal stress 
problem will be dependent upon the specific airplane and operational 
conditions. Exploratory calc~ations~indiCat& that the increased 
structural sizes required at increased diving speeds will greatly 
alleviats the temperature gradient problem. 

4. The order of magnitude of the temperature gradients between 
adjacent CclmpOnentS Of th8 St3?UCtUr8 can be CalGtited, provided a 
reasonable assumption of the degree of thermal bond b8tW88n the 
components can be made. In the present analysis,th8 assumption of 
perfect thermal bond provided good agreemsntbetween calculated 
and observed values. 

' 5. The evaluation Of the them1 6~8SSeS generated in an 
aircraft structure by the exist8nce of thermal gradients is 
difficult and probably inaccurate at the present time. The 
recommendation is made that further data b8 obtained to enable a 
more complete evaluation of thermal str8sses. 

Ames Aeronautical Laboratory, 
National Advisory Conrmittee for Aeronautics, 

Moffett Field, Calif. -- 

The method used to determine the skin and spar-cap t8mp8ratures 
was to eBt&bliBh a heat balance for a unit spanwise length of the 
spar cap and a unit BpaswiB8 length Ofthe ~&in adjacent to the 
BP---P. Th8 8qIIatiOnS determined dn this mann8rwere then solved 
Sid~neOUSly for short intWX%lB Of time in a. Sf~3p-&f3~p III!mIler 
throughout the dive for the skin and spar-cap temperatures. A 
sketch of the skin and spar cap is shown in figure l2 in order to 
assist in interpreting the equations for the heat flow to the skin 
and the spar cap. The equation used for heat flow to the spar cap 
was 

TmC (ta-tC2) + 
2m (tBp--tC2) 

1 
= WC cp (tc,-tc,) @u 

. 

. 

and for the skin 
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-6 (ta-ts2) - 
7 w (tB&C2) 

2 
= WE cp (tB2-tB1) 

The sylrbols and subscripts UB8d in equatiOUS (Al) and (A2) 
and the ayaibols shown in figtme 12 are defined as follows: 

A 

=P 

h 

k 

2 

S 

t 

W 

l- 

cross-sectional area cf the skin for heat floW, aqume feet 

specific heat, Btu per pound, OIF 

surface heat---transfer coefficient, B-t-u per hour, square foot, OT 

-thermal conductivity of alumdmm, Btu per hour, square foot, OF 
per foot 

distance for heat flow between skin and spat? cap, feet 

heat;transfer surface mea, square feet 

tenperature , OF 

Weight Of mt8ri81, pounds 

interval of time, hours 

Subscripts 

a refers to air 

c refers to spas cap 

8 refer@ to the Skin 

1,~ the beginning and the end of tim8 Fnterval T 

Equations (Al) Elnd (A2) do not take into consideration heat 
transferred by radiation, since it would be small at these surface 
txmperatures and altitudes; al.80 the heat transferred by COnV8GtiOn 
to the air inside the wing was a68uI+3d negligible. The equation 
used for the determination of the surface beat-tram3fer coefficient 
was that given in reference 4 for tUrbulent flow. The use of a 
surface heat-transfer coefficient for turbulent flow was based on 
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the local Reynolds number at the spar-a p looation which vsried 
from approximately 1,500,OOO to ~,OOO,OOO throughout the dives. 

The sirea of the spr cap So used in equation (Al) was the 
surface area of a l-foot length of the spar cap. The area of the 
skin Ss used in equation (A2) was based on a l-foot length of the 
skin and on a width which was considered as representative of that 
portion of the skin whioh transferred heat to the spar cap, laamsly, 
between the spar cap and the adjacent stiffener. The disknce for 
heat flow 2 between the skin and the spar oap in both equations 
(l-U) and (A2) was takenas the dieti beixeen the spz capand 
the center of the surface area of th8 skin. Since the spar cap 
received heat from the Skin on either side, the total heat 
mferred to the spar cap was assumed twice that -feZred 
from the skin on on8 side of the spar cap. !I%8 temperature of the 
air ta in equations (Al) and (A2) is the temperature of the air 
in the boundary layer. The boundary-layer temperature was considered 
to be the ambien%air temperature plus the temperature rise as occurs 
in the boundary layer due to the dissipation of kin&lo energy into 
heat energy. The temperature rise due to the dissipation of kinetic 
energy was assumed to be 0.9 of the full adiabatic temperature rise. 

1. Scherrer, Richard: The Effects of Aerodynsmic H8ating and Heat 
Transfer on the Surface Temperature of a Body of Revolution 
in Steady Supersonio Flight. NACA TN No. 1300, 1947. 

2. Wood, George P.: Calculation of Surfaoe Temperatur88 in Steady 
Supersonic Flight. NXCA TN No. 1114, 194.6. 

3. Jones, Alun R., and Schlaff, Bernard A.: An Investigation of 
a Thermal Ice-Prevention System for a c-46 Cargo Airplan8. 
VII -Effect of the Thermal System on the Wing~tructure 
Stresses as Established in Flight. NACA ARR No. 5G20, 1945. 

4. Martinelli, R. C,, Guibert, A. G., Morrin, E. II., and Boelter, 
L. M. II.: An Inv8stigation of Aircraft Heaters. VIII -A 
Simplified Method for the Calculation of the Unit Thermal 
Conductanoe Over Wings. NACA, ARR, %r. 1943. 
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(a) Thermocouphs / to 23 at stoh’on 76 in right wing. 

Figure 3.- ~h8~ll7OCOU~fS iOCUfiOi?S in th8 Wing. 

. 

. 

, 



. 

I 
L 

(b) Thermocouples 24 to 26 af station 126 in right wing, 

Figure 3.- Conlthued. 



(c) Thermocouples 27 to 29 a# stcttion 71.2 in right wing. 

FiQur8 3.- Continued. 
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(d) Thermocou~/es 30 to 34 at integral fuel tank stat/on I53 in right wing. 

Figure 3.- Continued. 
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V/EW A-A 

(8) ~b8fmOCOU,O/8S 35 t0 37 Ot Stcrtlon 112 iI? /8ft Wing. 

Figure 3.- Continued. 
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(f) ThermGCOU,G/8S 42 to 44 at station 7Z4 in right Wing. 

Figure 3. Concluded. 
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(a) Flight I, average rate of vertical descent 225 filsec 

Figure 4.- Time histories of airspeed, altitude and ambient- air temperature dur- 
ing the dives from 35,000 feef to 5,000 feet pressure altitude. 
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(b) flight2, average rote of verfical descent I50 ff lsec 

Figure 4.- Continued. 
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(c) Flight 3, avemge rate of vertical descent 73 ftlsec 

Figure 4.- Continued. 
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(d] Fl/ght 4, average rate of vertical descent 138 ft lsec 

Figure 4.- Concluded. 
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(a) Flight I, average rate of vertical descent 225 ftlsec 

Hgure 5.- Temperature difference between a typical skin- stiffener combination. 
Station 76 right wing. 
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(b) Flight 2, average rate of vertical descent 150 ftfs8C 

Figure 5.- COntinU8d. 
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(c) Flight 3, average rate of vertical descent 73 ft isec 

Figure 5. - Concluded. 
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(a)Ftight I, arerage rate of vertical descent 225 ftlsec 

Figure 6.- Temperah? d.Werences between the skin and u former at station 742 ln right 
wing. 
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(b, Flight 2, averuge rate of vertical descent 150 ftfsec. 

figure 6. - Continued 
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(c) Flight 3, average rote of vertical descent 73 ff lsec 

figure 6 - Concluded. 
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(a) Fi’ight I, average rate of vetiical descent 225 ff lsec 

Figure 7.- Temperature differences across a rib at station f26 in right wing. 
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(b) Flight 2, average rate of vertical descent J50 ftlsec 

figure Z - Continued. 
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(c) Flight 3, average fate of vertical descent 73 ft/SeC 

Figure 7.- Concluded. 
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(a) FJigbt /, avemgi rate of vertical descent 225 ftlsec 

Flgufe 8.- Temperature dffferences between the spar cap and the spar we& at the 20 
percent chard. Station 76 in right whg. 
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Flgure 8.- Continued. 
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(c) Flight 3# average rate of vertical descent 73 ftlsec 

Fgur e 8. - Concluded. 
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Flight 4, average rate of vertical descent f38 ft Isec. 

Figure 9.- Temperature of the fuel and of the structure comprising the fuel tank 
at station tZ3 in right wing. 
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-Flight I, overage rate of ver#ical descent, 225 ft / set 
----Flight 2, average rote of vertical descent, f50 ftlsec 
---Ffight 3, average rote of vertical descent, 73 ftfsec 
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Figure IO.- Chordwise temperature distribution at the termination of the 
dive. St&on 76. uppet surface of rjoht wina. 
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Figure /I,- temperature fog of the structure resulting from thick layers of paint on 
the wing surface at stotion Ii2 in left wing. 
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(a) Arrangement on test olrphne 

(b) /decrfized of rangemen f -237 

Figure /Z.- Sketch of fhe skin und spur-cup fo illusfrufe 
fhe mefhod of cu/cu/of/ng the skin and spar-cop 
femperufures. 
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(a) Flight 1, rate of vertical descent, 225 ftisec 

7 8 

Figure l3.- Comparison during the dive between the measured and calculated tempsraturea 
of the spar cap and the skin idjocent to the spar cap. Right wing upper surface 
Qt 20 percent chord, station 76. 

, I . . L 



I . . 

100 

80 

60 

40 

s 
20 

f 2 0 
b 
k 2 -20 

R -40 I Beginning of dive 

II I 52% chord 20% chord 

-60 I- 
O I 2 3 4 5 6 7 8 

Time, minutes 

(b) Flight 2, rate of vertical descent I50 ft tsec 

Figure 13 .- Continued. 
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(c) Flight 3, rate of vertical descent 73 ftisec 

Figure N ,- Concluded. 
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Figure IQ.- The colculoted femperature differences between the skin and the spar 
cap for assumed arrangements at the termination of a dive from 3qOOO feet 

to 5,000 feet, at various rates of vertical descent. 
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Figure /5.- Predicted stresses induced in the wing as a result of fhs chord- 
wise temperature distribution at the terminotion of the dive. Flight I: 
stotion 76 right wing, upper surface. 
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